To determine if constituents of cotton plants might play a role in byssinosis by injuring pulmonary epithelium, we added extracts of cotton dust, green bract, and field-dried bract to human A549 and rat type II pneumocytes. Injury was measured as pneumocyte lysis and detachment, and inhibition of protein synthesis. Extracts of cotton dust and field-dried bract produced significant doseand time-dependent lysis and detachment of both target cells, while green bract extract was less damaging. Extracts treated with polyvinylpolypyrrolidone to remove tannins produced significantly less injury. In contrast, purified 5,7,3',4'-tetrahydroxyflavan 3,4-diol (THF), a tannin in cotton dust and bract, caused substantial cell damage. Field-dried bract extract and THF also produced dose-dependent inhibition of pneumocyte protein synthesis. Endotoxin levels did not correlate with observed injury. THF added to rat tracheal explants caused epithelial disruption and desquamation, whereas endotoxin did not. Instillation of cotton dust and field-dried bract extract in rat lungs produced disruption of bronchial epithelium and smooth muscle constriction, while polyvinylpolypyrrolidone-treated cotton dust extract produced no injury. These findings suggest that extracts of cotton plants are toxic to alveolar, tracheal, and bronchial epithelium and that THF or other tannins may be the responsible agents.
Introduction
Byssinosis is an occupational respiratory disease observed among workers exposed to airborne dusts produced in the processing of cotton and other vegetable products such as hemp, sisal, jute, and flax (1, 2) . The clinical picture can present as two major and distinct syndromes, although there is presumably a continuum between the two. Firstly, an acute reaction may occur, which is often referred to as "Monday fever" or "cotton asthma" (3) (4) (5) . Typically this occurs in workers on return to the dusty work environment on Mondays after being off work for the weekend. This acute reaction is characterized by dyspnea, chest tightness, and cough, and is associated with a decline in the forced expiratory volume in the first second. Secondly, a chronic bronchitis syndrome can develop, which is characterized by a cough, sputum production, and obstruction to airflow after longterm exposure to cotton or related dusts (6, 7) . The possible etiologies of both of these syndromes have been extensively ex-but a definite substance(s) causing byssinosis has yet to be identified. Existing evidence strongly suggests that the etiologic factor is a "water-extractable" substance in the bract, which is the leafy structure subtending the boll, rather than from the cotton fiber itself (3, 10) . Although the mechanism by which bract may cause byssinosis remains uncertain, the cotton plant is known to contain greater than fifty biologically active substances, many with proven toxic properties (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The purpose ofthe present study was to determine if aqueous extracts of cotton dust and bract contain a toxin(s) that might be directly injurious to the pulmonary epithelium. For this purpose, we developed models using monolayers of A549 and rat type II pneumocytes, rat tracheal explants and intact rat lungs as targets, and various aqueous extracts ofcotton dust and bract, and chemical derivatives thereof as putative toxins. Our studies show that aqueous extracts of cotton dust and bract are directly toxic to pneumocytes and damage tracheal and bronchial epithelium, and that 5,7,3',4'-tetrahydroxyflavan 3,4-diol (THF),' a condensed tannin, may contribute to this injury. We hypothesize that the direct toxicity of this substance to pulmonary epithelial cells could be partially responsible for the chronic bronchitis observed in some patients with chronic cotton dust exposure.
Methods
Preparation ofbract and dust extracts. Aqueous extracts of green bract (GBE) (DES-056; Cotton Inc., Raleigh, NC, mechanically picked), fielddried bract (FDBE) (Acala SJ-4; Cotton Inc.), and cotton mill dust (CDE) (unsieved 100% West Texas dust, Cotton, Inc.) were prepared using a modification of the standard technique of Cotton, Inc. Briefly, 1 g of either cotton mill dust or bract was suspended in 25 ml endotoxin-free saline, stirred for 1 h at 4VC, and the mixture was then centrifuged at 4VC for 10 min at 10,000 g. The supernatant was passed through a 0.45-1im filter and then lyophilized and stored at room temperature. Dry weights of the extracts were 6 mg CDE, 14 mg GBE, and 7 mg/g FDBE ofstarting material, respectively. Avrin, a microcrystalline cellulose, was used as a control.
Chemical treatment ofdust and bract extracts and measurement of tannin levels. In some experiments, aqueous extracts of cotton dust and bract were treated with polyvinylpolypyrrolidone (PVP) to remove tannins, which are known astringent chemicals found in cotton dust and bract (14) . In brief, after the extracts had been sterilely filtered, 1% wt/ vol PVP was added; the mixture was stirred for 4 h at 4°C and centrifuged at 10,000 gto remove particulates. The supernatant was refiltered through a 0.45-Am filter and lyophilized. For other studies, a terpenoid aldehydeand tannin-depleted extract of CDE was used. This extract, kindly provided by Dr. A. A. Bell of the National Cotton Pathology Laboratory, Cotton Station, TX, was prepared as previously described (13) . Briefly, 100-mg samples of cotton dust were extracted three successive times in a mixture of 9.9 ml of acetone/cyclohexane (50:50). While the dust was stirring in this solvent, 0.1 ml ofwater was added to increase the efficacy of terpenoid extraction. After this procedure, the mixture was centrifuged and the aqueous phase discarded. To more effectively remove tannins (and flavanol glycosides), this preparation was treated with three successive additions of 9.9-ml vol of 70% acetone. The tannin concentrations in various extracts were determined using this same method of extracting tannins and then processing the extract as follows: 0.2 ml of extract was placed in 9.8 ml of a mixture of 19 parts n-butanol: 1 part concentrated HCl in glass-stoppered test tubes and heated at 980C for 2 h. After cooling, the absorbance ofthe solution was read at 550 nm. Tannin concentrations were calculated based on: El' (550 nm) = 240. Thus, tannin % = absorbance X 5,000/240 (13) .
Preparation of THF. THF was a gift from Dr. Jonathan Edwards, Medical Research Council, Pneumoconiosis Unit, Llandough, Penarth, South Glamorgan, Wales, and was prepared as previously described (15) .
Endotoxin studies. In certain experiments, lipopolysaccharide from Escherichia coli 026:B6 (Difco Laboratories, Detroit, MI) dissolved in RPMI 1640 was added to pneumocyte monolayers and tracheal explants as described below to determine if endotoxin was directly toxic to these targets. In addition, all dust extracts and derivatives used in the injury studies were assayed for endotoxin using a standardized Limulus amebocyte lysate technique (16) . Results are expressed in nanograms per milliliter.
Preparation ofpneumocyte target cells. A549 pneumocytes obtained from the American Type Tissue Culture Collection, Rockville, MD, were grown and serially passed in Waymouth's MB 752/1 medium containing 3% newborn calf serum (NBCS), 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.25% sodium bicarbonate, 100 U/ml penicillin, and 100 gg/ml streptomycin (Gibco, Grand Island, NY) at 37°C in humidified air with 5% CO2.
Modifications of the techniques of Dobbs et al. (17) , Fisher et al. (18) , and Mason et al. ( 19) were used to obtain rat type II cells. Briefly, pathogen-free Sprague-Dawley rats were killed by intraperitoneal injection of phenobarbital (5 mg/100 g body wt). The lungs were lavaged in situ five times with 15 ml saline to remove alveolar macrophages (AMs). The pulmonary artery was then perfused using a phosphate-buffered salt solution containing 5.6 mM glucose, 1.3 mM MgSO4, and 1.9 mM CaCl2, at a pH of 7.4 (solution A). Lungs were removed and infused with 8-15 ml of elastase at a concentration of 40 orcein U/ml in solution A to inflate them to total capacity, and submerged in normal saline at 37°C for 40 min; total lung capacity was maintained by adding elastase solution as necessary. The lungs were minced to 1-2-mm3 pieces, suspended in 5 ml NBCS, and sufficient solution A was added to make the solution total 20 ml. Cell fragments were poured into a sterile flask, shaken for 2 min at 37°C, and filtered sequentially through 100-and 20- media were added to the pneumocyte targets in a total volume of 100 il/well. Concentrations of the effector systems varied, as did the duration of incubation depending on the assay conditions. After co-culture of targets and the putative effector toxins, the microtiter plates were centrifuged for 5 min at 400 g. Release of soluble 5"Cr, a measure of cell lysis, was determined by aspirating 50 Al of supernatant from each well, transferring the aliquots to glass tubes, and counting the gamma emissions in a spectrophotometer (Packard Instruments, Inc., LaGrange, IL). In each experiment, maximum and control (spontaneous) release of 5"Cr was recorded as a mean of four replicates. Maximum release was determined from wells incubated in 1% wt/vol Triton X-100. Control release was determined from wells incubated with medium only, and was generally 10 Instillation of cotton extracts in vivo and histology. Pathogen-free Sprague-Dawley rats were killed and CDE-and PVP-treated CDE at 2.5 mg/ml and FDBE at 1 mg/ml in RPMI 1640 media were immediately instilled intratracheally. Lung volumes were maintained for 4 h at total lung capacity with intermittent addition of more fluid. After this, the lungs were isolated and gently perfused at 10-cm height with 3% glutaraldehyde in cacadylate buffer. After a 4 h fixation, the left lung of each animal was sectioned longitudinally at similar locations. Lung tissue was dehydrated with graded alcohols and embedded in paraffin at 520C. A series of 4.0-,gm sections was cut and stained with hematoxylin and eosin.
Airways at similar locations were studied and photomicrographed with an Olympus Vanox microscope with 10 and 20 times lenses. Results were read in a blinded fashion.
Data analysis. Student's two-tailed t test was used to test the significance ofdifferences between group means and linear regression analysis was used to examine correlations between tannin concentrations and pneumocyte injury (24) . Results are expressed as the mean injury±SEM after an 18-h incubation. FDBE caused dose-dependent lysis and detachment of both pneumocyte targets: * P < 0.001 and t P < 0.05 compared with control lysis: t P < 0.001 and § P < 0.05 compared with control total injury (lysis plus detachment). Results
Injurious effects ofcotton dust and bracts on pneumocyte targets. The addition of CDE to A549 and rat type II pneumocyte targets produced marked dose-dependent injury (Fig. 1, A and B) . As shown, comparable injury was observed with both targets, and the proportions oflysis and detachment were similar. Specifically, significant injury was first observed for the A549 targets at a concentration of 0.1 mg/ml and increased to -80% at 10 mg/ ml. With rat type II targets, significant injury was first evident at 1 mg/ml and likewise plateaued at 80% at 10 mg/ml. When FDBE was used as the effector toxin, similar results were obtained (Fig. 2, A and B) . In contrast, GBE caused significantly less lysis of A549 cells, no lysis of type II cells, and significantly less detachment of type II cells. (Fig. 3, A and B) . Avrin, a microcrystalline cellulose used as a control, did not produce significant injury in concentrations up to 10 mg/ml (data not shown).
Kinetics ofcotton dust-and bract-inducedpneumocyte injury. Since the prior studies were all performed at 18 h, we next sought to determine the degree of injury induced at other time points using A549 cells as targets. As shown (Fig. 4, A and B ), CDE and FDBE produced similar patterns of time-and dose-dependent injury. Addition ofCDE and FDBE at concentrations from 1.25 to 10 mg/ml produced only slight injury at 4 h but damage was readily detectable by 8 h with both extracts and increased linearly from 4 to 18 h. GBE again produced lesser amounts of injury at comparable time points and concentrations (Fig. 4 C) with essentially no significant lysis seen, even at 10 mg/ml.
Effect ofPVP treatment ofcotton dusts and bracts on pneumocyte targets. Since the above studies clearly showed that aqueous extracts of CDE and FDBE were capable of producing substantial injury to alveolar pneumocytes, we were next interested in determining what was the active injurious substance(s) in these extracts. It is known that cotton bract and dust contain high quantities of astringent tannins which act as natural pesticides for cotton plants, and we hypothesized that these chemicals might be the injurious agents. Therefore, we compared the toxicity ofdust and bract extracts before and after PVP treatment, a technique known to remove tannins from these extracts (14) . As shown in Table I , PVP-treated extracts of CDE, FDBE, and GBE produced significantly less injury to either A549 or rat type Tannin levels in the various extracts. To determine if there was a direct correlation between tannin levels and the injury observed, we measured the concentration of tannins in both untreated and chemically treated cotton extracts (Table III) . As expected, avrin contained no tannins, and CDE and FDBE had measurable and similar tannin levels. Surprisingly, GBE contained a higher percentage of tannins than CDE and FDBE, although our aforementioned injury assays showed GBE to be the least injurious of the extracts tested. A possible explanation of this apparent paradox is presented in the Discussion section. PVP treatment of the extracts removed 67.7, 82.1, and 90.5% of the tannins from CDE, FDBE, and GBE, respectively, and as noted above these treated extracts produced markedly less pneumocyte injury than their native equivalents (Table I ). In addition, using the organic extraction method of Bell and Stipanovic (13), 92.3% of the tannins were removed from CDE and this treated extract also had little injurious potential (Table  II) . In an effort to further examine the correlations between tannin concentrations and pneumocyte injury we reanalyzed the data in Figs. 1-3 and Tables I-III by linear regression analysis. Specifically, we calculated exact tannin concentrations using the percent tannin figures in Table III and the cotton extract concentrations indicated in Figs. 1-3 and Tables I and II . These values were then plotted against the total and lytic injury observed at each concentration. The R values, F ratios, and statistical significance of each of these correlations are presented in Table IV . As shown, there were significant correlations between tannin concentration and injury, both total and lytic with both target cells.
Injurious effects ofTHF on pneumocyte targets. To examine the role of specific tannins in pneumocyte injury, we examined the toxicity of purified THF against A549 and rat type II pneumocytes (Fig. 5, A and B) . THF is a condensed tannin present in cotton dust and bract in large quantities. As shown, THF produced marked dose-dependent A549 and rat type II pneumocyte injury after an 18 h incubation. Measurable injury was observed at a concentration of 1.0 gg/ml with the A549 targets, while the rat type II pneumocytes were slightly more resistant with injury first seen at 10 tig/ml. Of note, the injury produced by THF was predominantly lysis.
Inhibition ofprotein synthesis by FDBE and THF. To measure the injurious potential ofvarious cotton extracts by another (Fig. 6 A) . Purified THF produced even greater inhibition of protein synthesis, with a measurable effect seen at 63 gg/ml and nearly complete inhibition evident at 1.0 mg/ml (Fig. 6 B) . CDE-and FDBE-mediated rat lung injury in vivo. To determine if dust extracts were toxic to pulmonary epithelium in vivo, CDE at 2.5 mg/ml and FDBE at 1.0 mg/ml were instilled intratracheally in rats. These extracts produced disruption ofthe bronchial epithelium with destruction ofthe basal cell layer and marked constriction of bronchial smooth muscle (Fig. 7, A-C) . In contrast, a PVP-treated CDE at 2.5 mg/ml produced no significant injury (Fig. 7 D) , similar to the findings when intratracheally instilled media alone was used as a control (not shown).
Effect of THF on tracheal explants. To further examine the toxicity ofcotton dust constituents on ciliated airway epithelium, we prepared and cultured explants of rat tracheas. The addition of THF to these explants caused dose-dependent desquamation of epithelial cells (Table V) . The effect was also time dependent, with fewer desquamated cells observed at 4 h compared with 24 h (data not shown). Furthermore, microscopic examination of tracheal explants exposed in this manner revealed frank desqua- mation of the tracheal epithelium after 4 and 24 h of exposure (Fig. 8, A and B) with impressive and complete epithelial cell destruction at 24 h (Fig. 8 B) . Tracheal explants cultured with media only had a normal appearance (Fig. 8 C) . Endotoxin studies. Finally, to examine whether the injury observed in our experiments was due to endotoxin in the cotton extracts, we measured endotoxin levels in the samples using the Limulus lysate method (Table VI) . As can be seen, there was no correlation between the level of endotoxin and the injurious potential of the extract. Some of the highest endotoxin levels were present in "noninjurious" extracts, for instance, the terpenoid aldehyde and tannin-free extract. Similarly, the direct addition of lipopolysaccharide at concentrations up to 50 Ag/ ml, comparable with peak concentrations of endotoxin found in cotton dust (1), produced desquamation of only 0.9 X 106 epithelial cells from tracheal explants comparable with the effect of media alone (Table V) and also failed to cause pneumocyte injury (data not shown). These findings suggest that endotoxin did not mediate the injury observed in our studies.
Discussion
One of the most difficult problems associated with byssinosis research is the absence ofagreement on the nature ofthe etiologic agent(s) responsible for causing the symptoms and pathologic changes of the disease in susceptible workers. It is known that the biologically active substance(s) is present in the bract of the cotton plant and is aqueously extractable (3, 10) , but numerous Table III and the cotton extract concentrations shown in Figs. 1-3 and Tables I and II . These values were plotted vs. total and lytic injury and linear regression analyses performed. ease with cough and sputum production, and that no singe agent explains the whole picture. This hypothesis was suggested by Edwards, with particular referencet three distinct substances, namely an "aminopolysaccharide-protein complex," endotoxin, and THF, all of which are constituents of cotton dust (8 Further, the aminopolysaccharide-protein complex from bract has similarly been reported to produce bronchial epithelial necrosis in human fetal lung (34) . Other workers have shown that endotoxins can produce bronchitis when instilled intratracheally in animals (27) . Based on these studies, Edwards hypothesized that prolonged exposure to any or all of these materials could cause a bronchitislike condition, as seen in chronic byssinosis (8) .
Accordingly, we examined the direct toxicity of cotton bract and dust extracts in vivo and in vitro on pulmonary epithelial cells to further characterize possible toxins in these preparations. Our in vitro studies showed that ofCDE, FDBE, and THF were toxic to pneumocyte targets producing detachment and/or lysis, and that THF produced epithelial desquamation and destruction of tracheal explants. In vivo studies corroborated these in vitro findings; CDE and FDBE, when instilled intratracheally in rats, produced desquamation and destruction ofbronchial epithelium.
Specifically, using pneumocyte targets we observed that the relative toxicities of CDE and FDBE were similar, in that both extracts produced comparable amounts oflysis and detachment at the same concentrations and time points. In contrast, GBE at comparable concentrations and time points was less toxic and produced little injury to rat type II targets, even after 18 h of incubation. After PVP treatment, all three extracts produced minimal pneumocyte injury, suggesting that tannins may be Edwards has shown that THF is capable of producing lung inflammation (8) . Further evidence suggesting a role for THF is presented by Taylor and co-workers (35) who showed, in a double-blind trial, that inhalation of THF at a concentration of 0.5 mg/ml for 15 min produced symptoms of byssinosis in five of six byssinotic patients, but produced no symptoms in nine cotton workers without byssinosis or eleven unexposed controls. In our studies, the injury produced by THF was predominantly THF inhaled in the workplace (37) . Assuming a 70-kg worker breathes 15 m3 of air during an 8-h shift and that cotton dust levels range from 0.28 to 6.36 mg/M3 of air (38) , the inhaled dust burden could be between 4.2 and 95.4 mg in an 8-h shift. Assuming that 50% of the particles are in the respirable range (70% of particles have been shown to be <1.4 jm) (37), the pulmonary deposition could range from 2.1 to 47.7 mg/shift. Therefore, after years ofexposure it is possible that many grams of cotton dust and THF could be deposited in the lungs, which suggests that the concentration ranges we studied are clinically relevant.
References lysis of pneumocytes and desquamation and death of tracheal epithelial cells. Collectively, these reports show that THF is highly toxic to pulmonary epithelium and capable of reproducing the symptoms of byssinosis, which suggests that this agent may play a role in the pathogenesis of both the acute and chronic forms of this disease. Johnson and Hanson (36) recently reported that purified cotton bract tannins were cytotoxic in vitro to porcine endothelial cells at concentrations very similar to those used in our study. These results further document the marked toxicity of condensed tannins.
There is also data to suggest that endotoxin may play a role in byssinosis. For example, when endotoxin is instilled into rabbit lungs, it can produce a chronic bronchitis picture (27). Similarly, Castellan et al. have shown that the ability of cotton dust to evoke bronchospasm is highly correlated with the endotoxin levels in the samples (2) . In our study, the endotoxin concentrations in the dust samples did not correlate with their ability to produce cellular injury (Table V) . Also, we found that directly adding endotoxin to A549 and rat type II pneumocytes, and tracheal explants, even at concentrations exceeding those found in the most contaminated cotton dusts, produced, very little pneumocyte or explant damage. These data suggest that endotoxin did not produce injury to lung epithelial cells in the systems we studied, but they do not refute the possible role of this agent in byssinosis by other mechanisms.
In summary, it is clear from our studies that cotton dust products are toxic to alveolar, bronchial, and tracheal epithelial cells. It is probable that conducting airway epithelial cells are particularly susceptible to cotton dust-and bract-induced injury because these cells are directly exposed to the influx of dust particles and function to trap particulates. Also, in chronic byssinosis, it is this part of the airway that is primarily involved, and we hypothesize that repeated exposure to respirable toxins in cotton dust and bract may lead to a chronic bronchitis syndrome similar to that observed in smokers. Finally, an important question to ask is whether the concentrations of cotton extracts and THF that we studied are clinically relevant. This can be approached by estimating the amount of cotton dust and hence
